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Abstract
The asymmetric Higgs sector of one SU(2)L × SU(2)R bidoublet (φ01, φ−1 ;φ+2 , φ02)
and one SU(2)R doublet [but no SU(2)L doublet] is considered in a nonsupersymmetric
left-right extension of the standard model (SM) of particle interactions. The inverse
seesaw mechanism for neutrino mass is naturally implemented with the addition of
fermion singlets, allowing thereby the possibility of breaking SU(2)R at the TeV scale.
Flavor-changing neutral Higgs couplings to quarks are studied in two scenarios, where
the SU(2)R charged-current mixing matrix is given either by VR = VCKM (scenario I)
or VR = 1 (scenario II). We consider the bounds on these scalar particle masses from
K − K¯ and B − B¯ mixing, as well as b → sγ. We find that, whereas in scenario I,
they are of order 10 TeV, as in other left-right models, they may be well below 1 TeV
in scenario II, thus allowing them to be within reach of detection at the forthcoming
Large Hadron Collider (LHC).
1 Introduction
In the nonsupersymmetric SU(3)C ×SU(2)L×SU(2)R×U(1)B−L extension of the standard
SU(3)C × SU(2)L × U(1)Y model (SM) of particle interactions, the Higgs sector must be
enlarged from the one SU(2)L scalar doublet of the SM. There are several ways to do this,
as discussed comprehensively in Ref. [1]. In the canonical approach, a Higgs triplet is used
to break SU(2)R at a large scale, and νR gets a large Majorana mass. A Higgs bidoublet is
then added to break SU(2)L, and all fermions obtain Dirac masses, with νL getting a small
seesaw mass. In this scenario, the SU(2)R breaking scale is presumably beyond the reach
of present accelerators, such as the Large Hadron Collider (LHC). Even if we try to lower
this scale, the canonical model has severe difficulties with flavor-changing neutral currents,
in contradiction with what is experimentally observed.
The purpose of this paper is to elaborate on a simple alternative [1], where the SU(2)R
breaking scale may be lowered to 1 TeV, using the inverse seesaw mechanism for neutrino
mass [2, 3, 4, 5]. We choose a Higgs sector which contains only one SU(2)L × SU(2)R
bidoublet and one SU(2)R doublet [but no SU(2)L doublet]. Of course, flavor-changing
neutral Higgs couplings are still unavoidable. However, as we show in this paper, a scenario
exists where they are sufficiently suppressed. Since the SU(2)R charged-current mixing
matrix is unknown, we consider two scenarios, where it is given either by VR = VCKM
(scenario I) or VR = 1 (scenario II). We consider the bounds on the corresponding scalar
particle masses from K − K¯ and B− B¯ mixing, as well as b→ sγ. We find that, whereas in
scenario I, they are of order 10 TeV, as in other left-right models, they may be well below
1 TeV in scenario II, thus allowing them to be within reach of detection at the forthcoming
Large Hadron Collider (LHC).
2
2 Asymmetric Left-Right Model
2.1 Particle content and neutrino mass
The fermion content of the minimal SU(3)C × SU(2)L × SU(2)R ×U(1)B−L gauge model is
well-known, i.e.
ψL =
(
νe
e
)
L
∼ (1, 2, 1,−1/2), ψR =
(
νe
e
)
R
∼ (1, 1, 2,−1/2), (1)
QL =
(
u
d
)
L
∼ (3, 2, 1, 1/6), QR =
(
u
d
)
R
∼ (3, 1, 2, 1/6), (2)
where the U(1) charge is normalized to (B − L)/2 so that the electric charge is given by
Q = I3L + I3R + (B − L)/2. Here a neutral fermion singlet
SL ∼ (1, 1, 1, 0) (3)
is also added per family, which will have important implications for the neutrino masses, as
shown below.
To obtain masses for the quarks and leptons, a Higgs bidoublet
Φ =
(
φ01 φ
+
2
φ−1 φ
0
2
)
∼ (1, 2, 2, 0) (4)
is needed. In a nonsupersymmetric model, which is being considered here, the dual of Φ, i.e.
Φ˜ = σ2Φ
∗σ2 =
(
φ¯02 −φ+1
−φ−2 φ¯01
)
∼ (1, 2, 2, 0) (5)
must also be used. To break SU(2)R × U(1)B−L to U(1)Y , an SU(2)R Higgs doublet
ΦR =
(
φ+R
φ0R
)
(6)
is added, which also links ν¯R with SL to form a Dirac massmR. Since SL is a gauge singlet, it
is also allowed to have a Majorana mass mS; hence the 3×3 neutrino mass matrix spanning
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(ν¯L, νR, S¯L) is of the form
Mν,S =


0 mD 0
mD 0 mR
0 mR mS

 , (7)
where mD is the usual Dirac mass linking ν¯L to νR through 〈φ01〉 and 〈φ¯02〉. A quick look
at the above shows clearly that if mS = 0, then lepton number is conserved with a linear
combination of νL and SL forming a Dirac fermion with νR, and the orthogonal combination
is exactly massless. This means that it is natural for mS to be small, thereby triggering the
inverse seesaw mechanism, resulting in
mν ≃ m
2
DmS
m2R
. (8)
Note that there is no entry in Eq. (7) linking νL and SL because the SU(2)L Higgs doublet is
absent. This is important for the validity of Eq. (8). Instead of the canonical seesaw formula
mν ≃ −m2D/mR, which is small if mR is large, Eq. (8) lets mν be small if mS is small, even
if mR is not too large. Thus the inverse seesaw mechanism is suitable for bringing down
the scale of SU(2)R breaking to 1 TeV, with verifiable phenomenology at the LHC. Note
also that the mixing of νL with SL is of order mD/mR which may now be nonnegligible and
results in deviations from unitarity [6] of the neutrino mixing matrix.
2.2 Higgs sector
The most general Higgs potential consisting of ΦR, Φ, and Φ˜ is given by
V = m2RΦ
†
RΦR +m
2Tr(Φ†Φ) +
1
2
µ2Tr(Φ†Φ˜ + Φ˜†Φ)
+
1
2
λR(Φ
†
RΦR)
2 +
1
2
λ1[Tr(Φ
†Φ)]2 +
1
2
λ2Tr(Φ
†ΦΦ†Φ)
+
1
8
λ3{[Tr(Φ†Φ˜)]2 + [Tr(Φ˜†Φ)]2}+ 1
2
λ4[Tr(Φ
†Φ)][Tr(Φ†Φ˜ + Φ˜†Φ)]
+ f1Φ
†
R(Φ˜
†Φ˜)ΦR + f2Φ
†
R(Φ
†Φ)ΦR + f3Φ
†
R(Φ
†Φ˜ + Φ˜†Φ)ΦR, (9)
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where all parameters have been chosen real for simplicity. Let 〈φ0R〉 = vR and 〈φ01,2〉 = v1,2,
then the minimum of V is given by
V0 = m
2
Rv
2
R +m
2(v21 + v
2
2) + 2µ
2v1v2 +
1
2
λRv
4
R +
1
2
λ1(v
2
1 + v
2
2)
2 +
1
2
λ2(v
4
1 + v
4
2)
+ λ3v
2
1v
2
2 + 2λ4(v
2
1 + v
2
2)v1v2 + f1v
2
1v
2
R + f2v
2
2v
2
R + 2f3v1v2v
2
R, (10)
where vR and v1,2 satisfy
vR(m
2
R + λRv
2
R + f1v
2
1 + f2v
2
2 + 2f3v1v2) = 0, (11)
v1[m
2 + f1v
2
R + (λ1 + λ2)v
2
1 + (λ1 + λ3)v
2
2 + 3λ4v1v2] + v2(µ
2 + f3v
2
R + λ4v
2
2) = 0, (12)
v2[m
2 + f2v
2
R + (λ1 + λ2)v
2
2 + (λ1 + λ3)v
2
1 + 3λ4v1v2] + v1(µ
2 + f3v
2
R + λ4v
2
1) = 0. (13)
A solution exists where v2 ≪ v1, i.e.
v2 ≃ −(µ
2 + f3v
2
R + λ4v
2
1)v1
m2 + f2v
2
R + (λ1 + λ3)v
2
1
, (14)
with
v21 =
m2Rf1 −m2λR
λR(λ1 + λ2)− f 21
, v2R =
−m2R − f1v21
λR
. (15)
Fine tuning is of course unavoidable. In the limit v2 = 0, the physical Higgs bosons are φ
±
2
and Imφ02 with masses squared
m2(φ±2 ) = (f2 − f1)v2R, m2(Imφ02) = (f2 − f1)v2R − (λ2 + λ3)v21, (16)
and three linear combinations of Reφ01, Reφ
0
R, Reφ
0
2, with mass-squared matrix
M2 =


2(λ1 + λ2)v
2
1 2f1v1vR 2λ4v
2
1
2f1v1vR 2λRv
2
R 2f3v1vR
2λ4v
2
1 2f3v1vR (f2 − f1)v2R − (λ2 − λ3)v21

 . (17)
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2.3 Gauge bosons
The structure of the scalar sector leads in general to both WL −WR and Z − Z ′ mixing.
The former vanishes in the limit v2 → 0 and so will be suppressed for the above choice
of vacuum expecation values. In contrast, the Z − Z ′ mixing term is proportional to v21,
which is unacceptably large. To cancel this contribution, a simple possibility is to add a
Higgs bidoublet X ∼ (1, 2, 2,−1) with vacuum expectation value v3. In that case, the choice
v23/v
2
1 = 1 − 2 sin2 θW (for gL = gR) will lead to zero mixing at tree level; details are given
in the Appendix. Note that X will not affect the ρ parameter (at tree level) in precision
electroweak measurements, nor will it contribute to quark or lepton masses. In particular,
it does not link νL with SL in Eq. (7), otherwise the inverse seesaw mechanism would be
invalidated. The present experimental limits on WR and Z
′ are respectively 715 and 860
GeV.
3 Flavor-Changing Processes from Neutral Higgs Cou-
plings
3.1 General structure
Since both Φ and Φ˜ couple to the quarks and leptons, flavor-changing interactions through
the exchange of neutral Higgs scalars are unavoidable. The question is whether they can be
suppressed [7]. Consider the Yukawa terms
(huijφ
0
1 + h
d
ijφ¯
0
2)u¯iLujR + (h
u
ijφ
0
2 + h
d
ijφ¯
0
1)d¯iLdjR. (18)
In the limit v2 = 0, both up and down quark masses come from only v1. Hence
huijv1 = UL


mu 0 0
0 mc 0
0 0 mt

U †R, hdijv1 = DL


md 0 0
0 ms 0
0 0 mb

D†R, (19)
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where UL,R and DL,R are unitary matrices, with
U †LDL = VCKM , U
†
RDR = VR, (20)
being the quark mixing matrix for the known left-handed charged currents and that for their
unknown right-handed counterparts. This means that in the basis of quark mass eigenstates,
the structure of flavor-changing neutral currents through scalar exchange is determined, i.e.
Reφ01
v1


mu 0 0
0 mc 0
0 0 mt

+ φ¯
0
2
v1
VCKM


md 0 0
0 ms 0
0 0 mb

V †R (21)
for the up quarks, and
Reφ01
v1


md 0 0
0 ms 0
0 0 mb

+ φ
0
2
v1
V †CKM


mu 0 0
0 mc 0
0 0 mt

VR (22)
for the down quarks. Hence Reφ01 behaves as the SM Higgs boson, and at tree level, all flavor-
changing effects come from φ02, whereas in one loop, there are also contributions from (φ
+
2 , φ
0
2).
Note that for v21 ≪ v2R, this electroweak doublet has the common mass of
√
f2 − f1vR.
In the lepton sector, the analog of VCKM is unknown because the neutrino mass matrix
depends on mD, mR, and mS. In fact, we could choose mD to be diagonal in the (e, µ, τ)
basis and still have the freedom to obtain the observed neutrino mixing matrix from mR and
mS. In that case, φ
0
2 would have no flavor-changing leptonic interactions.
3.2 K − K¯ and B − B¯ mixing
We now apply Eq. (22) to K−K¯ and B−B¯ mixing. In the two scenarios I and II considered
for the VR matrix mentioned in the Introduction, the φ
0
2 couplings are of the form:
(I) VR = VCKM :
φ02
v1
d¯iLdjR
∑
k
mukV
∗
ukdi
Vuk,dj +H.c. (23)
(II) VR = 1 :
φ02
v1
d¯iLdjR mujV
∗
ujdi
+H.c. (24)
7
We use the formulae presented in Ref. [8]. The mass difference of a neutral meson and
its antiparticle is written in terms of its SM and other contributions:
∆MX = (∆M)X,SM + (∆M)X,New (25)
where ∆MX = ∆MK , ∆MBd , ∆MBs , and (∆M)X,SM denotes the SM (one-loop) contribu-
tion, and (∆M)X,New is everything else. In our case, the latter comes from the flavor-changing
φ02 couplings. The resulting expression for the mass difference is then given by
(∆M)X,New =
G2F M
2
W
6π2
SX
[
P¯LR2 C
LR
2 + P¯
SLL
1 (C
SLL
1 + C
SRR
1 )
]
(26)
where the constant SX includes strong-interaction effects, and the coefficients P include
next-to-leading QCD corrections, while the functions C denote the Wilson coefficients of the
OPE expansion for the relevant hadronic matrix elements.
Let us consider first case (I) of our model, i.e. VR = VCKM . Here the Wilson coefficients
CSLL1 , C
SRR
1 are equal:
CSLL1 = C
SRR
1 =
16π2
G2FM
2
W
(
rLLX
v1
)2  1
m2
Reφ0
2
− 1
m2
Imφ0
2

 , (27)
and suppressed because the mass difference between Reφ02 and Imφ
0
2 is small compared to
their sum, whereas CLR2 is of the form:
CLR2 =
16π2
G2FM
2
W
(
rLRX
v1
)2  1
m2
Reφ0
2
+
1
m2
Imφ0
2

 , (28)
which has no such suppression. In case (I), the various r’s in each system are also the same:
rLRX = r
LL
X = r
RR
X = rX , where
rK = muVudVus +mcVcdVcs +mtVtdVts, (29)
rBd = muVudVub +mcVcdVcb +mtVtdVtb, (30)
rBs = muVusVub +mcVcsVcb +mtVtsVtb. (31)
8
We have also assumed for simplicity that all the VCKM entries are real.
Obviously there are large contributions coming from those terms proportional tomt ormc.
However, there is also a natural suppression for the CLL and CRR Wilson coefficients, because
their contributions are proportional to the effective 〈φ02φ02〉 propagator, i.e. m−2(Reφ02) −
m−2(Imφ02). Whereas Imφ
0
2 is a mass eigenstate, Reφ
0
2 is not, but if f3 and λ4 are small
in Eq. (17), then it is approximately so, and their combined contribution for v21 ≪ v2R is
naturally suppressed, i.e.
1
(f2 − f1)v2R − (λ2 − λ3)v21
− 1
(f2 − f1)v2R − (λ2 + λ3)v21
≃ −2λ3v
2
1
(f2 − f1)2v4R
. (32)
This suppression persists even if f3 and λ4 are not neglected. We simply replace λ3 by
λ3 +
2f3λ4f1 − f 23 (λ1 + λ2)− λ24λR
λR(λ1 + λ2)− f 21
. (33)
This feature of our model would allow vR to be at the TeV scale, without running into
conflict with present data on K − K¯ and B − B¯ mixing as far as CLL and CRR are con-
cerned. Unfortunately, this suppression does not work for CLR, which is proportional to
m−2(Reφ02) +m
−2(Imφ02). However, as we show below in case (II), the C
LR coefficients are
further suppressed by light quark masses in the r’s, which allows φ02 to be lighter than 1
TeV.
In case (II), i.e. VR = 1, the r values are related by (r
LR
X )
2 = rLLX r
RR
X , with
rLLK = mcVcd, r
RR
K = muVus, (34)
rLLBd = mtVtd, r
RR
Bd
= muVub, (35)
rLLBs = mtVts, r
RR
Bs
= mcVcb. (36)
From the above, it is clear that whereas CLR is not suppressed by Eq. (32), it is much smaller
than what it is in case (I), because of the smallness of rLR.
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As mentioned in Ref. [8], there are large theoretical uncertainties associated with these
expressions. To make an estimate, we simply require the absolute value of the contribution
of new physics to be less than the corresponding experimental value. In what follows we shall
obtain bounds for the combination of parameters: 1/∆2 = m−2(Reφ02) − m−2(Imφ02) and
1/Σ2 = m−2(Reφ02) +m
−2(Imφ02). Let us define: Σ
2 = m22/2 and 1/∆
2 = δ2/m42, where m2
is the approximate mass of Re(φ02) or Im(φ
0
2), and δ
2 is a meassure of the splitting between
their squared masses.
Using Eqs. (27) and (28), we obtain the following general expression:
(
rLRX
v1
)2
2PLR2
m22
+


(
rLLX
v1
)2
+
(
rRRX
v1
)2 P SLL1 δ2
m42
=
3
8SX
∆MExpX . (37)
For the K − K¯ system, SK = mk F 2K η2 BˆK , with FK = 160 MeV, mK = 498 MeV, η2 = 0.57
and BˆK = 0.85. At the scale µ = 2 GeV, P¯
LR
2 = 30.6, P¯
SLL
1 = −9.3, ∆MExpK = 3.48× 10−12
MeV. Notice that in case (I), both PLR2 and C
LR
2 dominate over the LL and RR contributions.
Threfore the resulting bound is not sensitive to the parameter δ, and the bound on m2 is
given by
m2 ≥ 25 TeV (38)
For the B − B¯ systems, we take the corresponding parameters from the Particle Data
Group [9], so that for (Bd, Bs):
m2 ≥ 12(11) TeV (39)
These results are in agreement with [7].
In case (II), if we take δ = 0 (i.e. only the LR contribution), we obtain a much smaller
bound for the K system, i.e. m2 ≥ 1.1 TeV. However, for the Bd, and Bs systems, the same
procedure yields the bounds m2 ≥ 60(900) GeV, respectively. Thus for the Bd system, it
seems more appropriate to consider δ 6= 0, in which case the bound becomes: m22/δ ≥ 3.7
TeV.
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3.3 b→ sγ
To evaluate the contribution of (φ+2 , φ
0
2) to b→ sγ, we consider the relevant terms in Eq. (22).
For case (I), i.e. VR = VCKM , the important ones are
mt
v1
|Vtb|2(φ02b¯L+φ+2 t¯L)bR+
mt
v1
V ∗tsVtb(φ
0
2s¯L+φ
+
2 c¯L)bR+
mt
v1
V ∗tbVts(φ
0
2b¯L+φ
+
2 t¯L)sR+H.c. (40)
For case (II), i.e. VR = 1, they are
mt
v1
V ∗tb(φ
0
2b¯L + φ
+
2 t¯L)bR +
mt
v1
V ∗ts(φ
0
2s¯L + φ
+
2 c¯L)bR +H.c. (41)
The SM contribution (fromW exchange) is of the form s¯LσµνbR which is classified [10] as O7.
Using the above interactions, there is only one such contribution coming from φ02 exchange,
i.e. s¯LbR and b¯RbL, which is proportional to V
∗
tsm
2
t/v
2
1 in both cases (I) and (II), assuming
that Vtb = 1, which is of course a very good approximation. In contrast to the usual two-
Higgs-doublet model, the φ+2 contribution is suppressed here because it is proportional to
mb. As for O
′
7, i.e. s¯RσµνbL, both φ
0
2 and φ
+
2 have contributions proportional to V
∗
tsm
2
t/v
2
1,
but since the b→ sγ rate is proportional to
|C7|2 + |C ′7|2 = |ASM + Aφ02|2 + |A′φ02 + A
′
φ+
2
|2, (42)
the latter can be safely ignored. Using Ref. [10], we find
ASM ∼ 3m
2
t
m2W
[
2
3
F1(xt) + F2(xt)] (43)
Aφ0
2
∼ m
2
t
m2
φ0
2
[−1
3
F1(xb)] (44)
where xt = m
2
t/m
2
W , xb = m
2
b/m
2
φ0
2
, and the functions F1,2 are given by
F1(x) =
1
12(x− 1)4 (x
3 − 6x2 + 3x+ 2 + 6x ln x), (45)
F2(x) =
1
12(x− 1)4 (2x
3 + 3x2 − 6x+ 1− 6x2 ln x). (46)
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We now require the amplitude ratio |Aφ0
2
/ASM | to be less than 10%, so that it is well within
the experimental accuracy. This translates to an estimated lower bound for mφ0
2
of about
200 GeV, as shown in Fig. 1.
100 150 200 250 300 350
0.00
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Figure 1: Plot of |Aφ0
2
/ASM | vs mφ0
2
.
4 Conclusion
We have studied in this paper a simple nonsupersymmetric left-right extension of the stan-
dard model. The asymmetric Higgs sector of this model consists of one SU(2)L × SU(2)R
bidoublet and one SU(2)R doublet [but no SU(2)L doublet]. With the addition of neutral
fermion singlets, the inverse seesaw mechanism for neutrino mass is naturally implemented,
suggesting that the SU(2)R breaking scale may be lowered to 1 TeV. We then analyzed the
12
unavoidable problem of flavor-changing couplings of the neutral Higgs bosons of this model
and showed that in the limit of v2 = 〈φ02〉 = 0, these effects are naturally suppressed in case
(II) (VR = 1) [but not in case (I) (VR = VCKM), which has the same constraint as other
left-right models that the SU(2)R breaking scale is above 10 TeV.] From K − K¯ and B − B¯
mixing, we find vR = 〈φ0R〉 to be consistent with less than about 1 TeV in case (II). From
b → sγ, we find mφ0
2
to be above 200 GeV. The new particles of this model, i.e. W±R , Z
′,
the heavy pseudo-Dirac neutral fermion of mass mR from the pairing SL with νR, and the
heavy Higgs particles Reφ0R and (φ
+
2 , φ
0
2), are all consistent with having masses below 1 TeV
in case (II) and are potentially observable at the LHC.
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Appendix
With only the bidoublet Φ, our model exhibits an unavoidable Z − Z ′ mixing term propor-
tional to v21, implying thus a very large value of vR. This can be remedied by enlarging the
scalar sector through the addition of another bidoublet X of (B − L)/2 = −1,
X =
(
χ−1 χ
0
2
χ−−1 χ
−
2
)
∼ (1, 2, 2,−1) , (47)
and its corresponding dual X˜ = σ2X
∗σ2. We list in this appendix the modifications resulting
from its addition.
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Vector-boson masses: Let the neutral components of Φ, ΦR, and X acquire vacuum
expectation values 〈
φ01,2
〉
= v1,2 ,
〈
φ0R
〉
= vR ,
〈
χ02
〉
= v3 , (48)
and denote the neutral gauge bosons associated with SU(2)L,R by W
0
L,R and the U(1) gauge
boson by B, with gL,R and g
′ the gauge couplings for SU(2)L,R and U(1) respectively. The
resulting mass-squared matrix in the (W 0R,W
0
L, B) basis is then given by
M2 = 2


g2R(v
2
1 + v
2
2 + v
2
3 + v
2
R) −gLgR(v21 + v22 − v23) −g′gR(v2R + 2v23)
−gLgR(v21 + v22 − v23) g2L(v21 + v22 + v23) −2g′gLv23
−g′gR(v2R + 2v23) −2g′gLv23 −g′gR(v2R + 4v23)

 . (49)
The photon A, the neutral gauge boson Z of the SM, and the new Z ′ are then linear
combinations, determined according to

W 0R
W 0L
B

 = R


A
Z
Z ′

 ; R = e


1/gR tW/gR −1/(g′cW )
1/gL −1/(tWgL) 0
1/g′ tW/g
′ 1/(gRcW )

 , (50)
where cW = cos θW , tW = tan θW and the weak-mixing angle θW and the proton charge e
are defined by
tan θW =
g′gR/gL√
g′2 + g2R
,
1
e2
=
1
g2R
+
1
g2L
+
1
g′2
. (51)
In terms of these fields, the above 3 × 3 mass-squared matrix is reduced to a 2 × 2 one,
spanning only (Z,Z ′) with entries
m2Z =
e2
2
(1 + t2W )
2
t2W
(v21 + v
2
2 + v
2
3) ;
m2Z′ =
e2
2
g4R(v
2
1 + v
2
2 + v
3
3 + v
2
R) + 2g
′2g2R(v
2
R + 2v
2
3) + g
′4(v2R + 4v
2
3)
(cWg′gR)2
;
∆Z = −e
2
2
1 + t2W
cW tW g′gR
[
g2R(v
2
1 + v
2
2 − v23)− 2g′2v23
]
, (52)
where ∆Z is the Z − Z ′ mixing term. For the charged vector bosons, the analogous mass
terms are
m2WL =
1
2
g2L(v
2
1 + v
2
2 + v
2
3) ;
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m2WR =
1
2
g2R(v
2
1 + v
2
2 + v
2
3 + v
2
R) ;
∆W = −1
2
gLgRv1v2 . (53)
Note that the ρ parameter is one at tree-level, i.e. m2WL = c
2
Wm
2
Z , in the absence of mixing,
i.e. ∆W = ∆Z = 0. This can be achieved by taking v2 ≪ v1 as already discussed in the text,
and requiring
v23 =
v21 + v
2
2
1 + 2g′2/g2R
≃ v
2
1
1 + 2g′2/g2R
≡ u2v21 gL=gR−→ (1− 2 sin2 θW )v21 . (54)
Without this cancellation from X , ∆Z would have been unacceptably large.
Scalar potential: With the addition of X , more terms occur in the Higgs potential:
VX = m
2
XTrX
†X + f ′1 |detX|2 + f ′2
∣∣∣TrΦ†X∣∣∣2 + f ′3
∣∣∣TrΦ˜†X∣∣∣2
+ f ′4
[(
TrΦ†X
) (
TrX†Φ˜
)
+H.c.
]
+ f ′5
(
TrX†X
)2
+ f ′6
(
TrΦ†Φ
) (
TrX†X
)
+ f ′7
[
(det Φ)
(
TrX†X
)
+H.c.
]
+ f ′8 |ΦR|2
(
TrX†X
)
+ f ′9Tr
(
Φ†XX†Φ
)
+ f ′10
[
Tr(Φ†XΦ˜†X) + H.c.
]
+ f ′11
[
Φ˜†RΦ
†XΦR +H.c.
]
+ f ′12Tr(Φ
†ΦX†X)
+ f ′13Tr(X
†X)2 + f ′14Φ
†
RX
†XΦR , (55)
where Φ˜R = iσ2Φ
∗
R. The full potential is then V → V + VX .
The minimum value of V , which we denote by V0, occurs when the various neutral fields
are set equal to their corresponding vacuum expectation values:
V0 = m
2
Rv
2
R +m
2(v21 + v
2
2) + 2µ
2v1v2 +
1
2
λRv
4
R +
1
2
λ1(v
2
1 + v
2
2)
2 +
1
2
λ2(v
4
1 + v
4
2)
+ λ3v
2
1v
2
2 + 2λ4(v
2
1 + v
2
2)v1v2 + f1v
2
1v
2
R + f2v
2
2v
2
R + 2f3v1v2v
2
R
+ m2Xv
2
3 + f
′
9v
2
1v
2
3 + 2f
′
7v1v2v
2
3 + f
′
12v
2
2v
2
3 + f
′
6(v
2
1 + v
2
2)v
2
3 + f
′
13v
4
3
+ f5v
4
3 + 2f
′
11v1v3v
2
R + f
′
14v
2
3v
2
R + f
′
8v
2
3v
2
R , (56)
where vR,1,2,3 satisfy
0 = v1[m
2 + f1v
2
R + (λ1 + λ2)v
2
1 + (λ1 + λ3)v
2
2 + 3λ4v1v2] + v2(µ
2 + f3v
2
R + λ4v
2
2)
15
+v3[(f
′
6 + f
′
9)v1v3 + f
′
7v2v3 + f
′
11v
2
R] ;
0 = v2[m
2 + f2v
2
R + (λ1 + λ2)v
2
2 + (λ1 + λ3)v
2
1 + 3λ4v1v2] + v1(µ
2 + f3v
2
R + λ4v
2
1)
+v3[(f
′
6 + f
′
12)v2v3 + f
′
7v1v3] ;
0 = vR(m
2
R + λRv
2
R + f1v
2
1 + f2v
2
2 + 2f3v1v2) + v3[(f
′
8 + f
′
14)vRv3 + 2f
′
11v1vR] ;
0 = v3[m
2
X + (f
′
6 + f
′
9)v
2
1 + 2f
′
7v1v2 + (f
′
12 + f
′
6)v
2
2 + 2(f
′
13 + f
′
5)v
2
3
+(f ′14 + f
′
8)v
2
R] + f
′
11v1v
2
R . (57)
Let us define
z1 = f1 + uf
′
11 , z2 = f
′
11 + u(f
′
8 + f
′
14) ,
z3 = f
′
6 + f
′
9 + 2(f5 + f
′
13)u
2 , z4 = λ1 + λ2 + u
2(f ′6 + f
′
9) ,
z5 = f
′
12 − f ′9 − (2f ′13 − f ′1)u2 , z6 = uf ′14 + f ′11 .
(58)
Using this notation, the vacuum expectation values have the following solution with v2 ≪ v1:
v2 ≃ −[µ
2 + f3v
2
R + (λ4 + u
2f ′7)v
2
1]v1
m2 + f2v
2
R + [λ1 + λ3 + u
2(f ′6 + f
′
12)]v
2
1
,
v21 =
m2Rz1 − λRm2
λRz4 − z1(z1 + uz2) ,
v2R =
−m2Rz4 +m2(z1 + uz2)
λRz4 − z1(z1 + uz2) , (59)
where u = gR/
√
g2R + 2g
′2 was introduced in (54), and v3 is determined by that same equa-
tion. In order for (57) to be consistent with (54), the parameters in the potential must also
satisfy
um2X [z1(z1 + uz2)− z4λR] = m2[z2(z1 + uz2)− uz3λR] +m2R(uz1z3 − z2z4) . (60)
There are many ways to obtain the desired hierarchy,
vR ≫ v1 ∼ v3 ≫ v2 . (61)
For example, let mR ≫ m,µ and |f3|, |z1| ≪ 1; then v2R ≃ m2R/λR, v21 ≃ (z1/z4)v2R, and
v2 ≃ −(f3/f2)v1.
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field (mass)2
χ++1 −v2Rz6/u
χ+1 −v2Rz6/u
φ+2 v
2
R(f2 − z1)
(−sαφ+1 + cαχ+2 ) −2v2Rf ′11/s2α
Reφ0R 2λRv
2
R
Imφ02, Reφ
0
2 v
2
R(f2 − z1)
Im(−sαφ01 + cαχ02), Re(−sαφ01 + cαχ02) −2v2Rf ′11/s2α
Re(cαφ
0
1 + sαχ
0
2) −2v21[(cαz1 + sαz2)2/λR − (s2αz3 + c2αz4)]
Table 1: Physical mass eigenstates and their corresponding masses in the model contain-
ing X . We have ignored corrections of order v1/vR and v2/v1; the various parameters are
constrained by the requirement that all masses squared must be positive.
In the limit v2 = 0, the (unnormalized) would-be Goldstone fields associated with the
Z ,Z ′ ,W+R and W
+
L vector bosons are, respectively,
G = Im(cαφ
0
1 + sαχ
0
2) ;
G′ = Im
[
φ0R − s2αǫ
(
uφ01 − χ02
)]
;
G+R = φ
+
R + ǫ
(
uχ+1 − φ+2
)
;
G+L = cαφ
+
1 + sαχ
+
2 ; (62)
where
ǫ =
v1
vR
; sα = sinα, cα = cosα, s2α = sin 2α; tanα = u . (63)
The physical scalars and their corresponding masses can be obtained from the potential in a
straightforward manner: there is a single doubly-charged field, 3 singly charged fields and 6
(real) neutral fields. In obtaining the various expressions we have assumed (61). The results
are presented in Table 1: they indicate that the field Re(cαφ
0
1+ sαχ
0
2) has a mass O(v1) and
plays the role of the SM Higgs boson; the other physical scalars have masses of order vR.
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